Active doping of B was observed in nanometer silicon layers confined in SiO 2 layers by secondary ion mass spectrometry (SIMS) depth profiling analysis and confirmed by Hall effect measurements. The uniformly distributed boron atoms in the B-doped silicon layers of [SiO 2 (8 nm)/B-doped Si(10 nm)] 5 films turned out to be segregated into the Si/SiO 2 interfaces and the Si bulk, forming a distinct bimodal distribution by annealing at high temperature. B atoms in the Si layers were found to preferentially substitute inactive three-fold Si atoms in the grain boundaries and then substitute the four-fold Si atoms to achieve electrically active doping. As a result, active doping of B is initiated at high doping concentrations above 1.1 × 10 20 atoms cm −3 and high active doping of 3 × 10 20 atoms cm −3 could be achieved. The active doping in ultra-thin Si layers was implemented for silicon quantum dots (QDs) to realize a Si QD solar cell. A high energy-conversion efficiency of 13.4% was realized from a p-type Si QD solar cell with B concentration of 4 × 10 20 atoms cm −3 .
Introduction
Precise control of the position and density of doping elements at the nanoscale is becoming a central issue for realizing state-of-the-art silicon-based optoelectronic devices [1] [2] [3] [4] [5] [6] [7] . As dimensions are scaled down to take benefits from the quantum confinement effect [8, 9] , however, the presence of interfaces and the nature of materials adjacent to silicon turn out to be important and govern the physical properties [9] [10] [11] [12] [13] [14] . Most studies on dopants in silicon nanostructures to date have been devoted to theoretical calculations [15] [16] [17] [18] [19] , because of the difficulties involved in direct quantification and tracking of the locations of impurity elements at the nanometer scale.
Utilization of visible light is a promising method to overcome the efficiency limit of the crystalline Si solar cells. Si quantum dots (QDs) have been proposed as an emission source of visible light, which is based on the increase of bandgap energy by the quantum confinement effect [3, 11, [20] [21] [22] . Light emission in the visible wavelength has been reported by controlling the size and density of Si QDs embedded within various types of insulating matrix [8, 13] . For the realization of all-Si QD solar cells with homojunctions, it is a prerequisite not only to optimize the impurity doping for both p-and ntype Si QDs, but also to construct p-n homojunctions between them.
Herein, we report experimental evidence for the active doping and a distinct bimodal distribution of B atoms in silicon nanostructures confined in a SiO 2 matrix. By quantitative depth profiling analysis and Hall effect measurements, we show that boron atoms are incorporated into the four-fold Si crystal lattice and have electrical activity. Based on these findings, we successfully realized p-type Si QD solar cells. 
Experimental details

Fabrication of multilayer films
[SiO 2 (8 nm)/B-doped Si(10 nm)] 5 multilayer (ML) films were grown on Si(100) substrates by ion beam sputtering deposition using an Ar + beam of 750 eV. In brief, the stoichiometric SiO 2 layers were deposited by sputtering of Si wafer at a high oxygen partial pressure of 2.1 × 10 −4 mbar. B-doped Si layers were achieved by co-sputtering of a combination target, in which a small boron-nitride chip is mounted on a p-type Si wafer. The ML films were deposited on 6 inch n-type Si(100) wafers fixed on a rotatable substrate holder at room temperature. The SiO 2 /B-doped SiO x ML films were annealed at 1100
• C for 20 min in nitrogen atmosphere to activate the doped B atoms.
[SiO 2 (2 nm)/B-doped SiO x (2 nm)] 25 superlattice (SL) films were grown on 6 inch n-type Si(100) wafers for the fabrication of solar cells at the same growth conditions. The stoichiometry of the SiO x layers was precisely controlled by variation of oxygen partial pressure and confirmed by in situ x-ray photoelectron spectroscopy (XPS) analysis. The SiO 2 /Bdoped SiO x SL films were annealed at 1100
• C for 20 min in nitrogen atmosphere to form Si QDs.
Doping concentration of B
Doping concentration of B atoms in the B-doped Si layers was analyzed by secondary ion mass spectroscopy (SIMS) using a Cameca IMS-7f (France) with an oxygen ion beam of 1 keV. The depth scales of the SIMS depth profiles were calibrated by measuring the depths of the craters formed after SIMS depth profiling analyses by a stylus profilometer (Alphastep-IQ, KLA-Tencor, USA). Figure 1 shows an original depth profile and a concentration depth profile of the as-deposited [SiO 2 (8 nm)/B-doped Si(10 nm)] 5 multilayer film with a doping level of 1.7×10 20 atoms cm −3 . Although the ionization yield of B is different in the Si layers and the SiO x layers, the ionization yield of Si also depends on the chemical states of the Si layers and the SiO x layers because the matrix effect is applied to all elements in the same manner. Therefore, the relative ratio of the intensity of B (I B ) and Si(I Si ) in the original SIMS profile can be converted to concentration from the relative sensitivity factor of B determined from a certified reference material (NIST SRM 2137).
The electronic transport properties of carrier concentration, mobility, and electrical resistivity were measured by Hall effect measurements (Variable Temperature Hall System H50/K20, MMR Technologies) at room temperature. The surface SiO 2 layers of the annealed [SiO 2 (8 nm)/B-doped Si(10 nm)] 5 ML films were removed by HF solution to measure the electronic transport properties of the top-most Bdoped Si layer by Hall effect measurements. The specimens were diced into 10 mm × 10 mm pieces and the four edges of them were interconnected to Au wires using silver paste.
Results and discussion
Bimodal distribution of B in nm Si layers
Diffusion behavior of boron in nanoscale SiO 2 /B-doped Si ML structures was investigated by SIMS depth profiling analysis of B. The thermodynamic stability of boron atoms was investigated by tracking the diffusion path of the boron atoms in the multilayer films that consisted of five bi-layers of SiO 2 /B-doped Si. The distribution of boron was quantitatively analyzed by SIMS depth profiling. Each Si layer of the as-deposited sample exhibited a rather uniform distribution of boron (figures 2(b) and (c)). Interestingly, however, a segregation behavior of boron atoms could clearly be observed upon annealing at a high temperature (figures 2(e) and (f)). Boron atoms are accumulated at the center of the Si layers (denoted as B Si ) to a greater extent, and also at the SiO 2 /Si and Si/SiO 2 interfaces . Therefore, it is plausible to assume that two different components are involved in the diffusion in B Si . The two different diffusion components can be explained in terms of coordination energetics of the different crystallographic sites. Si atoms in the crystalline Si are in four-fold coordination and some of them near the interfaces are in threefold coordination with a dangling bond (DB). Previous studies have shown that the Si/SiO 2 interface is characterized by a high density of DB defects, called P b centers [23] . The stability of boron estimated by density-functional theory calculations showed that the substitution of boron in a three-fold silicon site ( figure 3(d) ) removing a DB is 0.1 eV more stable than that the four-fold coordinated active boron ( figure 3(c) ).
Supporting our inference, the diffusion of boron into the Si bulk, i.e. B Si , comprises two different components; the substitution into the inactive three-fold Si sites for DB saturation (denoted as B , and a small amount of boron is initially trapped at the three-fold defect sites both at the Si/SiO 2 interfaces and at the grain boundaries of the Si crystals in the polycrystalline 
Active doping of B in nm Si layers
In order to estimate the electrically active B concentration (B Si act ), the carrier concentration (n B,ann,Hall ), mobility (μ), and electrical resistivity (ρ) of the annealed B-doped Si layer were measured using Hall effect measurements (figure 4). The active carrier concentration (n B,ann,Hall ), which was calculated for the film thickness of 10 nm, exponentially increased from 1.3 × 10 18 to 1.6 × 10 19 atoms cm −3 with the n B,as−dep , while the mobility did not change much to be about 400 cm 2 V −1 s −1 . It is presumed that the effects of the increase of active B concentration on the decrease of mobility are canceled out in the concentration range by the reduction of lattice defects during the crystallization. Therefore, the electrical resistivity significantly decreased from 13.2 to 2.9 m cm with the increase of n B,as−dep , which was mainly due to the exponential increase of the carrier concentration, i.e. active B atoms in the Si layer. Figure 4 showed that the active B concentrations (n B,ann,Hall ) measured by Hall effect measurements are an order of magnitude smaller than the n B,as−dep measured by SIMS, which might be due to the thickness-based estimation of the active carrier concentration (n B,ann,Hall ) in the Hall effect measurements. It should be noted that the effective thickness of the active doping range is about one third of the Si layer and that the active doping zone is lined with the inactive zones on either side, as shown in figure 2 into the Si/SiO 2 interface and the Si bulk lattice at the high doping levels (n B,as−dep > 1.1 × 10 20 cm −3 ). The active B concentration of 3 × 10 20 atoms cm −3 shown in figure 3(b) is well correlated with the recently published result [24] .
The active boron profile (B Si act ) shows a very intensive peak at the central region of the Si layers with a depleted distribution nearer the Si/SiO 2 interface as shown in figure 2(f) . The accumulation of active boron atoms far from the interfaces can be explained by the localization of hole wavefunctions near the Si/SiO 2 interfaces. The effective Bohr radius of a shallow acceptor is a h = a B ε/m h , where a B is the Bohr radius, ε is the dielectric constant, and m h is the effective mass of the hole. In Si bulk (ε Si = 11.7), the a h is 3.9 nm for the light hole (m lh = 0.16), 1.3 nm for the heavy hole (m hh = 0.49), and 2.1 nm for the split-off hole (m h,so = 0.29). When the acceptor is located near the SiO 2 layers (ε SiO 2 = 3.9), the Coulomb interaction between the ionized acceptor and the hole becomes stronger by the lower dielectric constant of SiO 2 . Then, the hole wavefunction is localized, and the acceptor energy level becomes deeper, which correspondingly increases the formation energy of the boron acceptor near the SiO 2 . The depletion distance of active boron from the Si/SiO 2 interfaces shown in figure 2(f) is about 2-3 nm, which is close to the hole effective Bohr radius in Si. The doping inefficiency in nanostructures by the quantum confinement effect has been previously reported [14, 25] . A heterojunction p-type Si QD solar cell was fabricated from the [B-doped SiO x (2 nm)/SiO 2 (2 nm)] 25 SL film deposited on an n-type Si (100) wafer by annealing at 1100
Realization of a silicon quantum dot solar cell
• C in nitrogen atmosphere. We chose x to be 1.0 as the optimum stoichiometry for the formation of Si QDs. The stoichiometry of the SiO 1.0 layers was controlled by varying the oxygen partial pressure and confirmed by in situ XPS. We assume that a single Si QD embedded in SiO 2 matrix may also have a bimodal distribution of boron atoms, in which boron atoms will passivate DB defects at the surface of the Si QD (i.e. B Si/SiO 2 DB ) and substitute four-fold crystalline Si atoms at the core of the Si QD (i.e. B Si act ) ( figure 5(d)) . A p-type Si QDs/n-type c-Si heterojunction solar cell shown in the inset of figure 6 exhibited typical diode behavior during the current-voltage characteristic measurement with a high energy-conversion efficiency (η) of 13.4% under air mass 1.5 (AM 1.5G) illumination. The efficiency was calculated using the relation η = j sc V oc F F/P t , where j sc is the shortcircuit current density (33.7 mA cm −2 ), V oc the open-circuit voltage (525 mV), F F the fill factor (75.8%) and P t , the incident power density (100 mW cm −2 ). 
Conclusions
Active doping of boron atoms in nanometer silicon layers confined in a SiO 2 matrix was thoroughly analyzed by SIMS depth profiling and Hall effect measurements. Doped B atoms turned out to be segregated into the Si/SiO 2 interfaces and the Si bulk, forming a distinct bimodal distribution. Our experimental investigations revealed that boron atoms preferentially substitute the three-fold Si sites both at the SiO 2 /Si interfaces and the Si layer, and then substitute the four-fold Si atoms to achieve electrically active doping. In particular, the active doping was found to be initiated at high doping concentrations of B above 1. 
